Electrostatic interface tuning in correlated superconducting heterostructures 
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An electrostatic field, which is applied to a gated high-temperature superconducting (HTSC) film, 
is believed to affect the film similar to charge doping. Analyzing the pairing in terms of a t—J model, 
we show that a coupling to electric dipoles and phonons at the interface of film and dielectric gate 
localizes the injected charge and leads to a superconductor-insulator transition. This results in a 
dramatic modification of the doping dependent phase diagram close to and above the optimal doping 
which is expected to shed light on recent electric field-effect experiments with HTSC cuprates. 

PACS numbers: 74.81.-g,74.78.-w,73.20.-r,73.20.Mf 



I. INTRODUCTION 

Interface physics of strongly correlated oxides is a 
rapidly developing branch of materials science. In het- 
erostructures of ultrathin correlated oxide films, charge 
and spin states are reconstructed at the interfaces 
and hence affect the electronic properties of the en- 
tire systemic. This interface-controlled behavior pro- 
vides new opportunities for oxide- film electronics, where 
a powerful tool for tuning the heterostructure properties 
is the electric field 1 ^. In high-temperature superconduct- 
ing oxides, electric fields can be used to switch between 
superconducting and insulating states by electrostatically 
tuning the free carrier density 4 ^. In contrast to chemical 
doping, where the modifications in the doping level are 
inevitably related to changes in chemical bonding and 
microstructure, the field-effect experiments are expected 
to only modify charge, keeping the microstructure fixed. 

In superconducting field-effect transistors (SuFET's), 
an electric field is applied to a dielectric gate and sweeps 
charge carriers into a HTSC-film in the drain-source 
channel. The gate polarization attracts the injected car- 
riers at the gate/film-interface. It thereby creates an ac- 
cumulation region with a shifted local T c which, for a 
nm-thick film, should result in a tuning of the global 
T c . With the assumption of a fixed interface microstruc- 
ture, the field-induced T c shift should be fully deter- 
mined by the electric field doping. However, whereas 
in underdoped HTSC cuprate films the observed T c shift 
is about 5-18 K, in the overdoped films T c is not sub- 
stantially changed by the field^. This striking doping 
dependence is usually explained in terms of a Thomas- 
Fermi screening length Xtf which suggests a stronger 
exponential decay of accumulated charge inside the over- 
doped films with higher total carrier density. However, 
in anisotropic systems, the quantum mechanically deter- 
mined spread of the charge from the interface is greater 
and decays slower, in distinction to the classical Thomas- 
Fermi approach^. As the cuprate films contain Cu02- 
planes with an interplanar distance ~ 1 nm, only a par- 
ticular amount of injected charge is accumulated in the 
first plane at the interface, and the rest is redistributed in 
the 2-4 nearest planes^. In these multilayers, the charge 
confinement to the first plane increases for higher total 



charge densities in the film!. Consequently, in the un- 
derdoped cuprate film, despite larger Xtf, the low car- 
rier density results in ~ 80% of confined charge (mecha- 
nisms to achieve stronger confinement have been studied 
in Ref. 0). In the overdoped film, about 100% of the in- 
jected charge is confined^. As in both cases the calculated 
field-accumulated charge densities are roughly equal, one 
should expect similar shifts of T c both in the under- and 
overdoped films. This similarity implies that without con- 
sideration of the microscopic processes at the gate/film 
interface, the field doping alone cannot satisfactorily ex- 
plain the doping dependences of the T c shift. 

In a typical SuFET, the strong modulation of injected 
carriers requires a gate polarization in the range 10- 
30/i C/cm 2 . To achieve this polarization, one uses gates 
with dielectric constant e in the range 20-100, fabri- 
cated from complex perovskite transition metal oxides 
like SrTiC>3 (STO). Here, extensive studies^ show that 
a fundamental property is the hybridization of oxygen 
(O) p- and transition metal (Ti) d-orbitals caused by 
the Ti-O-displacements. The Coulomb interaction V p d 
of a small amount of injected holes with the hybridized 
p-d electrons in the insulating gate remains almost un- 
screened, V p d ~ 1-2 eV — the spatial distance between the 
nearest interface unit cells of gate and film is about 2.5- 
5 A. Moreover, the holes strongly interact with optical 
TiO-phonons which polarize the interface. These excita- 
tion processes at the interface can possibly lead to charge 
localization. A further reason for interface charge trap- 
ping can be an increased disorder at the cuprate/STO- 
interface which can lead to Anderson localization. In 
fact, interface localization is experimentally supported 
by a hysteresis of the normal state resistance and by the 
voltage dependence of the hole mobility in HTSC/STO- 
heterostructure a 4 ' 10 . There are also clear experimental 
indications that in organic field effect transistors, where 
a similar mechanism of the electric field effect applies, 
the carrier mobility decreases with increasing e^i 

As a step towards an understanding of the coop- 
erative interface phenomena in correlated oxides, we 
present a theoretical study of field-doped heterostruc- 
tures, whereby we focus on two key aspects: (i) the inter- 
action of the injected charge carriers with p-d-electrons 
in the dielectric gate, and (ii) the coupling of carriers to 
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dynamical lattice distortions. We find that these pro- 
cesses at the gate/film interface result in dramatic mod- 
ifications of the superconducting state with increasing 
field-induced carrier density. 



II. MICROSCOPIC SCHEME OF THE 
ELECTRIC FIELD EFFECT 

To analyze the field dependence of the p-d hybridiza- 
tion at the gate interface, we introduce a model on a 2D- 
square lattice containing N± sites, where each site corre- 
sponds to a perovskite unit cell. In each Og-octahedron 
of the i-th cell we consider a single TiO ionic group with 
a dynamical covalent bond along the field direction per- 
pendicular to the gate/film- interface (shown in Fig. 
In this TiO group, we include only two states (p and d) 
expressed by the operators d\{di) and p\{p{) which obey 
the one-electron constraint d\di +p\pi = 1. In a SuFET, 
the gate electric field e g affects the p-ci-electron transfer: 



-ptpi) + E pd J2(Pidi + dl P i). (1) 



The energy gap A pd is about 3 eV in perovskite dielec- 
tric states, but decreases down to 1.5 eV in ferroelectric 
films due to modifications of surface electronic states^. 
The electrostatic interaction E p d — e g d p d of the gate 
field with the dipole moment, d p d = er p d, of the electron 
transfer increases the p-d level splitting and thus tends to 
localize the TiO-electron. Here e is the electron charge 
and r p d ~ 2 A is the Ti-0 distance. The energy gap A pd 
in refers to e g = 0. In a nonzero electric field, which 
induces a polarization P £ ~ e g , the field-dependent TiO- 
distortions Ui ~ P e imply A pd = A pd + Xe u i- The field 
effect can be taken into account via the expansion of A pd 

in powers of P £ : A pd — A e pd (Pg + ^^-£ g ), which deter- 

mines the "susceptibility" Xe ~ -oPT^T- In thin ST0 
films, the high concentration of oxygen vacancies leads 
to local polar regions and to a quasistatic polarization 
^ Oiia The additional, maximal electric field-induced 
polarization is comparable to Pj and the influence of e g 
on Pg is relatively weak compared to the effect produced 
by the polar regions. Therefore, for the considered range 
of e g < I0 6 V/cm, we have Xe e g "C Pg and consequently 
we take A^ s = A° pd in ©. 

Furthermore, we assume that the barrier for a p-d- 
transfer (described by the second term in is modified 
by the interface coupling to the carriers in the supercon- 
ducting film 



H cxc = V pd ^(1 - n la )(p\di + d\pi 



(2) 



We consider in J2J the coupling with holes, where ni 
is the electron number operator with spin u, and rii = 





FIG. 1: Schematic presentation of a possible interface bond- 
ing in HTSC/STO heterostructure. The TiO group of TiOe- 
octahedron which is directed perpendicular to the interface, 
is bonded to the Cu 2+ ion of the interface Cu02-plane of the 
cuprate superconducting film. 



^Za n i"- The mechanism (0) can lead to a local ef- 
fective attraction between the injected carriers, which 
has recently been analyzed for weak-coupling s-wave 
superconductors^. 

The role of the TiO-distortions is more subtle. As 
shown in Ref. 0, the coupling of the injected charge 
to a static displacement only shifts the chemical poten- 
tial in the film. Consequently, we neglect the coupling 
to static distortions and we focus instead on dynamical 
TiO-displacements. We are interested in the coupling to 
the low-energy soft TOi-mode, the polar component of 
which is hardened up to 50-80 cm -1 at low T in STO 
thin films in electric fields^. Also, we consider higher- 
energy polar phonons like the TO2- (170 cm -1 ) or the 
T04-mode (545 cm -1 ). At the gate/film-interface, such 
TiO-displacements are coupled to the holes in the film 



P, 



pol 



To 



](l- ni )(bl+h), (3) 



where the phonon operators b\(bi) refer to a particular 
TiO-mode of energy ujto, 7o = \/f^JToE p is the hole- 
phonon coupling, and E p is the polaron binding energy. 

In the superconducting film, we focus only on the first 
plane (ideal confinement) without detailed analysis of the 
interplanar charge redistribution. We treat the film in 
terms of a 2D-Hubbard model which contains on-site cor- 
relations with a nearest and next-nearest tight-binding 
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dispersion e k — — 2t(cos k x + cos k y ) — At' cos k x cos k y : 
H&hn = X! £ kC k(J c ka + n i\ n iU ( 4 ) 

ha i 

where c ka . are electron creation operators. We choose the 
typical values t'/t — —0.3 and U = 8t. For the doped 
Cu 3d band, the effective Hamiltonian Q describes the 
motion of hole singlets through the lattice of Cu 2+ -ions 
in Cu02-plancs. These spin singlets are formed by the 
Cu hole and the O hole of the O-plaquette which is hy- 
bridized with the d-states of Cu 2+ ions. 13 

The combined model Q-Q now presents a field- 
driven two-layer interface system in which the strongly 
correlated charge carriers in the film are coupled to TiO- 
excitons and to phonon states of the gate. Fig. ^ shows 
a possible bonding at a CuC^/STO-interface. Here the 
oxygen ion is located between Ti 4+ and Cu 2+ forming 
a TiO-Cu bond with the shortest distance between Cu 
(film) and O (STO-gate) as compared to other possi- 
ble chemical bonding configurations which can appear 
in HTSC/STO-heterostructures. The coupling ©-© 
between the Cu holes and TiO-excitations results in 
a renormalization of the CuO-hybridization amplitude 
tcuO in the planar CuO-squares and, consequently, in a 
renormalization of the effective hole hopping parameters 
t = t^, u0 /e p (e p is the energy of the planar O p-state) 
and t' . In addition, in the configuration shown in Fig. ^ 
we also obtain an attractive correction to the one-site re- 
pulsion U. To analyze the resulting electronic parameters 
in the film, we first derive an effective Hubbard model by 
tracing over phonon and exciton degrees of freedom and 
subsequently we map this system onto a t— J-model with 
an effective spin exchange energy J c s — 4i 2 ff /t/ cf f. 



III. COOPERATIVE p-d-EXCITON & POLARON 
EFFECT 

We investigate first the TiO hybridization To 
eliminate first order coupling terms in V pc i, we apply 
the unitary transformation U exc = exp[— ( pd J^ia s i n i<?] 
to H pd + H cxc + H mm with s? = i(d] pj - pjrfj), ( pd = 
V pd A%/4(Al d + 2V pd E pd ) and A pd = ^ + (A« d /2) 2 . 

Averaging the obtained expansion over p-d-exciton 
states, we find a reduction of the electron hopping pa- 
rameters t and t' by the factor £ pd = cos 2 ( pd . For the 
considered range of V pd , the attractive corrections AU pd 
to U are small, AU pd /U ~ —0.2, and result in a maximal 
increase of J e s/J ~ 1.07. Consequently, in distinction 
to weak-coupling superconductors 1 ^, this contribution of 
the p-d transfer to the increase of T c is insignificant. In 
contrast, a pronounced renormalization of J e g originates 
from the kinetic term t c ff — t£ pd . For V pd / 'A° d ~ 1, we 
find that t e s/t can be reduced by ^ pd down to ~ 0.7. On 
the other hand, the application of an electric field en- 
hances the exciton factor t; pd — > 1 and hence counteracts 



polaron localization. This may cause a field-tuned der- 
ealization of holes in the film when we take into account 
both, p-<i-transfer and TiO-phonons. 

The electron-phonon coupling in H po \ results in a po- 
laron effect at the gate/film-interface. With the soft 
phonon mode, the typical values for the interface cou- 
pling 70 ~ 0.01-0.1 eV imply large polaronic ener- 
gies E p /hujTO ~ 0.1-5, where the TiO-mode energy 
hujro/t ~ 10~ 2 -10~ 1 (t w 0.25 eV) can be close to the 
adiabatic limit. To diagonalize Pjl. we apply a varia- 
tional Lang-Firsov transformation U po \(iii, a,r])l£. The 
variational parameter r/ describes the strength of the po- 
laron effect, Ui presents interface static distortions, and 
a allows for anharmonic excitations. We assume ho- 
mogeneity in the low-temperature state of the doped 
film and therefore replaced the site-dependent parame- 
ters by their averages: Ui = u, N^ 1 ^2 ia {ni a ) = 1 — x. 
In the electronic Hamiltonian -ffm m , the hopping ener- 
gies t and t' are reduced by the polaron band narrowing 
factor £ P oi(?7) = exp[— r] 2 TE p /huJTO coth ^(3hujTo] where 
t = exp(— 4a). The parameters u, rj, and r are deter- 
mined by minimization of (U^ ol (H po i+ Hfn m )U po i) , which 
is averaged over the phonon vacuumAiiS. In particular, 
for rj we have the following self-consistent equation: 

V = (r/fHo TO )e K (x)^ pd ^ po i\, (5) 

where ck(x) ~ — 2(t + t')(l — x) is obtained from the 
average kinetic energy in Hm m , which controls the de- 
pendence of r\ on x. For low x, the contribution of ex 
to the denominator in JSJ) is significant which results in 
small rj and weak polaron band narrowing £ po i(?7). On 
the other hand, when the hole-phonon coupling is strong 
and x increases, rj approaches 1, which leads to a local- 
ization of holes. This signifies that the reduced kinetic 
energy at sufficient concentration of holes triggers the 
polaronic localization transition^. Consequently, the ex- 
change energy J c g which is controlled by t c fi = i£ p( j£poi, 
is drastically suppressed (Fig. [21 . For the soft TiO-mode 
(Fig-Gl a )), a suppression of J c s is obtained for E p /t > 1 
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FIG. 2: Effective exchange energy J c g vs hole doping x for 
A p d/4:t — 3.0, Vpd /4t — 0.5, Eg — 0, and different polaron 
energies E p (in units of t) in the case of coupling to (a) a soft 
mode hu>To/t = 0.05; (b) a high-energy mode huro/t = 0.4. 
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3: Phase diagram for d-wave superconductivity (shaded 
area) for three distinct polaron energies. Here J/t = 0.5, 
V pd /At = 1.0, A£ d /4i = 3.0, and huTo/t = 0.05. 



in the relevant range x < 0.3. Coupling instead to the 
high-energy mode (Fig.|2fb)) increases the minimal val- 
ues of E p required for the localization, and therefore the 
suppression of J e g is substantially weaker. 



IV. SUPERCONDUCTIVITY IN THE FILM 

For our considerations it is important that for all 
widely discussed concepts of high-T c superconductivity, 
a suppression of J e s is feasible due to the loss of the 
kinetic energy by interface localization. This suppres- 
sion may in fact result in lower pseudogap tempera- 
ture T* ~ J c ff and critical temperature T c . In order 
to relate our findings to a distinct model, we approach 
the superconductivity in the strongly correlated elec- 
tronic system within a slave-boson approaches. In this 
scheme spin-carrying fermions fi a and spinless bosons 
hi are introduced through Ci„ = f\ a hi whereby the con- 
straint fLfic + h\hi = 1 is to be enforced. We con- 
sider the pairing Ay = (3J e g/4) J2a(fi<?fje ~ fiafja), 
bond Xij = (3J e g/4) Y^Affofj*) and boson condensa- 
tion k — (hi) 2 order parameters. With the mean-field 
factorization of the t-J Hamiltonian, focusing on the uni- 
form solutions Aij = (— l) l y + iy Ad, Xij = X: we obtain a 
free energy, which is to be minimized with respect to A^, 
X, k. The system of self consistent equations for the or- 
der parameters has been solved numerically. The pairing 
amplitude A^ determines the temperature Trvb j whereas 
the boson temperature Tbc has been estimated accord- 
ing tc 19,20 from the kinetic energy of the boson pairs as- 
suming a weak t±/t = 10 -4 interplanar coupling in the 
film. The results are shown in the form of (T, x)-phase 
diagrams in Fig. [3] for different values of the polaron en- 
ergy E p , where T c corresponds to the lowest temperature 
among Trvb and Tbc- In Fig- 13 the gate field is e g = 0, 
and the standard phase diagrams are modified essentially 
due to the interface coupling with the soft mode. Here, at 
low doping x < 0.12, the superconducting region is lim- 
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FIG. 4: Field-dependent doping x(e g ) raised from initial val- 
ues (a) xo = and (b) xq — 0.15: phase diagrams for d- 
wave superconductivity for different polaronic energies E p ; 
Vpd/tt = 1, A£ d /4i = 3, and fvuJro/t = 0.4. 



ited by Tbc, and for larger x by Trvb- The increase of 
the polaron energy E p first affects the overdoped region 
where the right boundary of the superconducting phase 
is shifted from x m « 0.3 to 0.17 as E p /t increases to 1.2. 
With a further increase of E p , the collaps of Trvb limits 
the superconducting state also in the underdoped region: 
the maximally achievable doping, x m , for superconduc- 
tivity to prevail is x m = 0.1 for E p /t = 1.3, already 
below "optimal doping". This is in striking contrast to 
the classical HTSC-behavior where T c , after approaching 
its maximum at optimal doping, smoothly decreases to 
as x —> 0.3. Finally, with E p /t > 1.4, the superconduct- 
ing region disappears due to the suppression of pairing 
by the soft-mode excitations in the gate. Note that for 
a film containing more than one superconducting plane, 
the suppression of pairing is incomplete2i. 

For the field tuned hetero structures, field-dependent 
phase diagrams are required. Fig. 0] shows the evolution 
of such a phase diagram with the increase of the inter- 
face polaron energy E p . The hole doping x(e g ) measures 
the density of holes injected by e g into the film which 
is initially in the insulating (xq = 0, Fig. El[a)) or in 
the superconducting (xo — 0.15, Fig. 0Jb)) state. Here, 
x(e g ) = Q/N± with the charge Q = CV, the dielectric 
capacitance C = eoeN±a 2 / d, the lattice constant a, the 
thickness of the dielectric film d, and the bias voltage 
V = e g d. For xo = 0, the maximally achievable field 
e g « 10 6 V/cm for a gate with e = 100 allows to attain 
a doping of x ~ 0.13, which still is in the underdoped 
range (Fig.^a)). The decrease of J e ff for larger E p leads 
to the suppression of both T B c and Tr V b. These tem- 
peratures also remain strongly dependent on e g . In con- 
trast, for xq = 0.15, when doping x(e g ) is raised into the 
overdoped range, the increase of the polaron energy E p 
not merely suppresses Trvb (which limits the supercon- 
ducting region) , but also reduces the slope of Trvb with 
respect to x(e g ). The latter effect results in a decrease 
of the T c shift, AT C = Tr V b(xo 4- Ax(e g )) - Trvb(x ), 
where the field e g injects the hole density Ax = 0.03 
into the film. The corresponding shifts are presented in 
Fig. [S] and show a strong decrease of AT C for E p /t > 1.2 
in the overdoped range, whereas in the underdoped films 
AT C decreases but remains finite. This result supports 
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FIG. 5: Field-induced shift AT C vs E p scaled by AT C (E P = 0). 
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FIG. 6: Reentrant behavior of Trvb for E p /t = 1.0 and 
hwTo/t = 0.05. 



tween the CuO hole and p-d-TiO exciton. It was noted 
before that e g increases the exciton factor t; p d and en- 
hances the hole motion for sufficiently large exciton-hole 
interaction V p d- To analyze this effect, we investigate 
the region xq — 0.13-0.14 close to the transition into the 
localized state where superconductivity is already sup- 
pressed, and then apply the field. Due to the enhance- 
ment of t e ff by ^ p rf(e ff ), for xq = 0.14 we find a reentrant 
transition (Fig. |fjj into the superconducting state. With 
the injection of more holes by s g , the kinetic term in 
(J5J is reduced which leads to a second suppression of 
superconductivity at x » 0.17. For V p d ~ A° pd , the reen- 
trant superconductivity is stable in a very narrow doping 
range (see Fig. For V p d > A° d , this range rapidly ex- 
tends over the full overdoped regime x < 0.3. Such a 
strong V p d, required for the hole delocalization, can be 
obtained in designed heterostructures with the holes in 
close proximity to the p-d TiO-orbitals where Cu-states 
share an apical oxygen with the adjacent Ti as shown 
in Fig. ^ Alternatively, we propose to use multilayered 
cuprates with 3-5 CuC>2-planes in a unit cell to delo- 
calize the holes. Due to the small interplanar distance 
of ~ 3.2 A in some compounds, the polaron-suppressed 
hopping in the interface plane is in turn enhanced by the 
interplanar coupling to the subsequent planes. 

We found that the cooperative effect of interface hy- 
bridization and lattice dynamics in strongly correlated 
superconducting heterostructures is of crucial impor- 
tance to their superconducting properties. The interface- 
caused suppression of T c for higher doping is a possible 
explanation of the differences in the electric field effect in 
overdoped and underdoped SuFETs 4 . The highly non- 
trivial behavior of T c under a variation of the field allows 
to propose mechanisms for charge delocalization which is 
a subject of further experimental and theoretical studies. 



the surprising fact that the field does not substantially 
change T c in the overdoped films. 

The hole localization, which is also supported by 
experiments^, presents a serious challenge to current at- 
tempts to induce superconductivity in the strongly corre- 
lated films. However, a possible recipe how to delocalize 
the holes follows from the analysis of the coupling be- 
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